The intramolecularly H-bonded, fully-extended conformation (C 5 ) of an -amino acid residue (and the resulting 2.0 5 -helix obtained via its propagation) is one of the least extensively investigated types of peptide and protein backbone secondary structure. This situation does still currently occur despite its unique ability to enjoy by far the largest separation per residue among peptide conformations. In this article, we offer a detailed update of our present knowledge on this intriguing 3D-structure of peptides in the crystal state as obtained from recently published investigations, complemented by a statistical analysis for its occurrence in the crystal structures of -amino acid derivatives and peptides available in the Cambridge Structural Database. We have expanded this useful information to the results of a bioinformatics analysis performed on this (so far largely unappreciated) conformation authenticated in all proteins solved by X-ray diffraction to a resolution of  1.5 Å. In the last section, we describe the results of our DFT calculations on the conformational preferences of a set of homo-peptides (from monomer to octamer) based on as many as six protein and two non-coded, carefully selected, -amino acids. From this literature survey integrated by new energy calculations we have definitely provided strong support to the thesis that this polypeptide 3D-structure does indeed exist, it should be not neglected in future studies by structural biochemists, and it represents a very attractive, novel backbone for applications for organic, medicinal, and biomaterials chemists.
INTRODUCTION
To further expand the arsenal of molecular platforms offered to colleagues working in synthesis, spectroscopic analysis, and host-guest interaction studies, among structural biochemists there is a currently growing interest to the rarely observed (backbone) N-H…O=C (backbone) intramolecularly H-bonded peptide conformations where the direction of the H-bonds goes "the other way around" with respect to the classical, overwhelmingly observed, direction, namely from an upstream N-H group donor to a downstream C=O acceptor. [1] The three possible conformations of the former type in a system of four covalently linked peptide units are presented in Figure 1A . According to the two "numerical" nomenclatures most frequently employed, starting from the smallest pseudocycle (a cyclic structure where one covalent bond is replaced by an intramolecular H-bond) they are termed: (i) C 5 , C 8 , and C 11 , where C stands for cycle and the subscript number corresponds to that of the atoms involved in the ring system, and (ii) 2  2 (or the equivalent 3  3 or 4  4), 2  3 (or 3  4) and 2  4, where in each case the number before the arrow indicates the position in the sequence of the upstream N-H H-bonding donor while the number after the arrow indicates that of the downstream C=O acceptor.
At the level of the two largest conformations (C 8 , and C 11 ) a reversal of the peptide main chain direction does take place, in contrast to the C 5 conformation ( Figure 1B) where the main chain is fully extended. The C 8 and C 11 turn conformations are characterized by one and two peptide -CO-NH-groups, respectively, internal to the annular structure (in the C 8 conformation the peptide group is forced by the small size of the cycle to be cis,  torsion angle  0°, whereas in the C 11 conformation each peptide group can accommodate either in the cis or in the trans,  torsion angle  180°, conformation). Very recently, our research group published detailed review articles on each of these previously unappreciated conformations where the additional, "non-numerical" nomenclature -turn [2] and -turn, [3] respectively, was proposed.
BRIEF SUMMARY ON PEPTIDES BEFORE 2012
Double or multiple, consecutive, intraresidue H-bonded C 5 conformations generate a flat helical structure, termed 2.0 5 -helix, [4] where 2.0 indicates its exact twofold symmetry. This peptide conformation is positioned in the major n =2 (two amino acid residues per basic helical unit) diagonal of the universally known Ramachandran map, [5, 6] more specifically in its upper-left corner (, backbone torsion angles 180°,180°). It is spatially close to the second most frequently reported polypeptide conformation in peptides and proteins (pleated -sheet, with either parallel-or antiparallel-strand orientation) where the corresponding ranges of , angles are -120°  -140°, 115°  135°, respectively.
In a previous article, [4] partially reviewing the available literature on the 2.0 5 -helix to 2011
(included), the Padova group described:
(i) A brief historical retrospective of this planar sheet structure, beginning with the original, modelling-based proposal from Pauling and Corey, [7] where these authors predicted a reasonable stability only for homo-peptides from Gly among all protein amino acids, because this residue lacks any side chain R group which could interfere unfavorably through intermolecular steric interactions involving C  -atoms of adjacent and in register main chains.
(ii) Results from numerous conformational energy computations on very short model compounds, usually -amino acid derivatives, which inter alia highlighted the potentially negative role on the stability of the C 5 conformation played by the bulky lateral chain(s) R and R generating unfavorable intramolecular non-bonded interactions, in particular with the C=O oxygen atom of the preceding residue ( Figure 1B ). From this Figure, it is also evident that the C 5 conformation does not contain any internal peptide bond. Here, it is worth noting that more recently Newberry and Raines [8] reported the results of their quantum-mechanical analysis on the C 5 conformation of the minimal peptide backbone model Ac-Gly-NHMe (Ac, acetyl; NHMe, methylamino), demonstrating that the operative intra-residue interaction, characterized by overlap of the p-type C=O lone pair and the N-H * orbital, is endowed with the properties of a canonical H-bond.
(iii) Few, selected examples of X-ray diffraction structures of peptides based on coded amino acids (Gly, Ala, and Phe), and C  -tetrasubstituted ( Figure 2 ) and Ala (C , -didehydroalanine) residues. Now, we wish to complete this part by briefly presenting and discussing two additional, relevant examples related to the 2.0 5 -helix formed exclusively by C  -tetrasubstituted residues and not treated in ref. [4] . An X-ray diffraction analysis revealed that in the crystalline state a terminally-blocked, homochiral, homo-tripeptide based on L-(Me)Leu (C  -methyl leucine) adopts a multiple fullyextended conformation ( Figure 3 ). [9] This represents the first unambiguous finding of such a 3D-structure in a peptide sequence formed exclusively by C  -methylated -amino acids, otherwise typically folded in the 3 10 -helical conformation. [10] [11] [12] [13] [14] Moreover, an explanation for the published crystallographic results on the terminally-protected homo-pentapeptide sequence from Deg (C , -diethyl glycine) (Figure 2 ), a C  -tetrasubstituted residue generally considered the simplest one of the sub-class largely favoring the fully-extended conformation, [4, 15, 16] is not clear-cut (Figure 4 ).
Indeed, the originally reported 3D-structure of the Tfa (trifluoroacetyl) / OtBu (tert-butyloxy)
terminally protected -(Deg) 5 -was found to adopt the fully-extended conformation, [15] whereas that of Tfa-(Deg) 5 -OEt (OEt, ethoxy), published years later, is 3 10 -helical. [16, 17] Interestingly, this latter observation was recently corroborated by the results of two additional X-ray diffraction analyses, specifically on Ac-(Deg) 5 -OtBu tetrahydrofuran solvate [18] and PyrAc-(Deg) 5 -O(pNO 2 )Bzl, [19] where PyrAc is 1-pyrenylacetyl and O(pNO 2 )Bzl is para-nitrobenzyloxy. It remains to be seen whether crystal packing forces and/or the different nature of the terminal (blocking / protecting) groups would have played any role in biasing these peptide backbone conformations. In any case,
we are inclined to suggest that the 2.0 5 -helix peptide conformation would not be a particularly robust peptide 3D-structure and its transformation into the 3 10 -helix could take place relatively easily. Furthermore, an interestingly potential application of the 2.0 5 -helical structure (simply termed by the authors "-sheet" without any specification), only formed by C  -tetrasubstituted -amino acids was proposed more than 20 years ago [20] ( Figure 5 ). This supramolecular system represents an autocatalytic replicator of peptide bond formation with a self-complementary structure. The three residues of this class involved in this construct are Deg and two hybrid -amino acids each bearing two identical nucleo-alkyl side chains. The two original nucleobases were adenine (A) and uridine (U), the latter subsequently replaced by thymine (T). One of the foreseen advantages arising from this highly conformationally constrained peptide was the possibility to control the 3D-structure of the system. The base-pairing information (molecular recognition) along the sequence could facilitate formation of the central peptide bond promoted by the partly amino acid / partly nucleic acid molecules. In this sense, this appealing system might also have a prebiotic significance. Unfortunately, although these achiral nucleo-amino acids with double side chains would indeed be prepared by the authors, [21] synthesis and utilization of the corresponding peptides were never reported.
(iv) A comparison between the characteristically diverging IR absorption and 1 H NMR signatures in solvents of low polarity of the peptide 2.0 5 -helix and the (sometimes) competing 3 10 -helix reported primarily by the Padova group. [4, 16, 19, [22] [23] [24] [25] [26] [27] In the last few years, these investigations were further expanded and extended to fluorescence spectroscopy using 2.0 5 -helix peptide stretches as spacers between two N-and C-terminal photoprobes. [19, 24, 28] In the next three sections, we will focus on the results of:
 A detailed literature survey on peptide C 5 conformations and 2.0 5 -helices published in the last 5-6 years (and therefore not included in the previous review article [4] ) as extracted exclusively from X-ray diffraction analyses, complemented by a statistical analysis for its occurrence in the crystal structures of -amino acid derivatives and peptides available in the Cambridge Structural Database.
 An exhaustive bioinformatics investigation on the aforementioned 3D-structures found in highresolution X-ray diffraction analyses of globular proteins.
 An updated conformational energy calculation study on model homo-peptides to the octamer level based on the aliphatic Gly, Ala, Aib, and Deg, the -hydroxylated Ser, and the -aromatic Phe residues in absence external forces (i.e. in vacuum), aimed at evaluating the intrinsic tendency of such residues to stabilize the extended conformation and the relative stabilities of the fully-extended and helical conformations.
DETAILED LITERATURE SURVEY ON PEPTIDES SINCE 2012
In Tables 1-5 we listed all published -amino acid derivatives and (either linear or, more rarely, cyclic) peptides to the decamer level where single or consecutive fully-extended (C 5 ) structures were identified by X-ray diffraction in the last five/six years. A few, still unpublished 3D-structures, characterized by the C 5 form and solved in the Padova laboratory, are presented in Table   6 . [18] The -amino acids involved range from the by far most commonly found C  -disubstituted Gly (Table 1) to a very limited number of C  -trisubstituted residues, where one example each is provided by the small-sized representatives Cys, Ala, and Dap (Table 2) . Moreover, we surprisingly noted a large variety of C  -tetrasubstituted -amino acids (Tables 3 and 4) , most of them being well known for their extremely effective helicogenic properties. [71] [72] [73] Examples of two derivatives and a very short peptide with an ,-didehydro--amino acid are also given in Table 5 . Finally, still unpublished C 5 -containing peptides (Table 6 ) are based on each of the classes of -amino acids mentioned above. -di-n-propyl glycine; pCNBz, para-cyanobenzoyl).
Three detailed crystal structures of Gly homo-peptides were recently reported. [30, 40] This emerging interest is not surprising in view of the special biological role of some of these compounds. The most relevant is certainly that played by the -(Gly) 5 -bridges cross-linking pentaglycan layers in Staphylococcus aureus cell walls. Interestingly, in these Gram-positive bacterial cells this pentapeptide system is largely folded in a compact conformation, which however tends to convert into a fully-extended 3D-structure in response to a temperature variation. The ultimate result is a swelling of the cell walls. [74] In the crystal structure of the R-(Gly) 2 -OMe (OMe, methoxy) homo-dipeptide, only the C-terminal residue is fully extended ( Table 1) . [30] In both crystal structures of the terminally zwitterionic H 2 + -(Gly) 4 -O  and H 2 + -(Gly) 5 -O  (for the latter peptide, see Figure 6 ) two independent molecules (A and B) in the asymmetric unit were observed. [40] In each case, all Gly residues except the N-terminal ones are part of ideal, flat 2.0 5 -helices ( Table 1) . Each of the N-H and C=O groups involved in the C 5 intramolecularly H-bonded forms is also involved in intermolecular H-bonds with a flanking strand. It should be noted that the proposed conformation of poly(Gly) n form I does not correspond to this secondary structure, but rather to the classical -sheet.
This structural difference has been tentatively reconciled by invoking the much higher concentration of terminal charges of opposite sign occurring in the short homo-oligomers as compared to the polymer. Also, the X-ray diffraction structure of the H 2 + -(Gly) 3 -O  -polymorph has been long ago reported to be very similar to those of its two higher homologs. [75] Unfortunately, no higher Gly homo-oligomers have been investigated for their crystal structure.
In the crystal structure of the terminally protected bis-endothioxo Gly homo-tripeptide (Table 1 and Figure 7 ) an intriguing type of 2.0 5 -helix is observed. [41] The C-terminal C 5 conformation involving Gly 3 is slightly distorted from the , 180°,180° values. Much more unusual is the observation that its preceding -Gly 2 -[CSNH]-residue is also fully extended but the H-bond acceptor is a thionamide sulfur atom. This is the first case where an intramolecular N-H…S=C H-bond is seen in a peptidomimetic C 5 structure.
Among the C  -tetrasubstituted -amino acids the simplest and most common Aib was identified in the C 5 conformation only very rarely before 2012, [76] [77] [78] [79] [80] [81] [82] despite the huge number of its derivative and peptide X-ray diffraction structures solved. It is worth recalling that this secondary structure was found sterically and energetically allowed for Aib, although much less favored than the helical conformations (for a specific review article on this topic, see ref. [76] ). In this connection, the crystal structure of the "N 3 "-(Aib) 3 -OtBu (where "N 3 " stands for the azido precursor of the -amino group) was recently solved. [45] Only the central (Aib 2 ) residue was found in the regular fully-extended form (Table 3) . Very interestingly, the first example in the literature of an -Aib-Aib-2.0 5 -helix is almost a specific property of this compound in that the value of the  torsion angle of Aib 3 (-147.8°) is close to, but not within, the acceptable range for this conformation.
Short peptides characterized by the immediately higher Aib homologs Deg and Dp n g, and the chiral Epg residue were also recently analyzed by X-ray diffraction (Table 4 ). In the dipeptide Tfa-Dp n g-Deg-OtBu only the N-terminal Dp n g was found to be in the C 5 form, the C-terminal Deg being helical. [25] Conversely, in the tetrapeptide Tfa-(S)-Epg-Deg-Dp n g-Deg-OtBu as many as three residues (at positions 1, 2, and 4) are fully extended (Figure 8 ). [25] However, the helical Dp n g 3 residue breaks down the potentially full stretch of 2.0 5 -helix, leaving only the N-terminal dipeptide sequence in this disposition. Finally, two Deg-and Gly-containing dipeptides were recently analyzed in the crystal state by X-ray diffraction. [18] In both of them the Deg residue is fully extended (Table 6 ) while Gly is not ( Figure 9 A-C). Specifically, in both crystallographically independent molecules of Z-Deg-Gly-OtBu ( Figure 9 A and B) the Gly residues adopt a semi- angles of the N-terminal Gly residue (88.8°,17.0°) fall in the "bridge" region of the conformational map. [83] In Table 6 and Figure 9 , panels D and E, we also show that in both of the two crystallographically independent molecules of the endothioxopeptide Boc-
OMe the Leu residue is involved in an intramolecularly H-bonded C 5 conformation, slightly distorted at the level of the  backbone torsion angle. [18] Conversely, the thionated Gly residues, adopting the "bridge" conformation, lack the intramolecular H-bond with the C=S group potential acceptor.
A few examples of C 5 structures involving a C , -didehydro--amino acid were reported since 2012 (Table 5) . One of them accommodates a Pyr (C , -didehydro-pyridin-2-yl-alanyl) residue, [69] whereas all of the remaining C 5 structures are formed by Ala. [66, 67, 70] Interestingly, in the structure of the macrocyclic antibiotic thiostrepton, two out of the three Ala residues occurring in the molecule are fully extended, one of them within the macrocyclic part and the other Cterminal to the "tail". [70] In the last crystal structure listed in Table 6 , an additional example of a terminally blocked Ala homo-tripeptide is reported, [18] following the exciting, original one published many years ago (1999). [84] All three Ala residues adopt sets of , torsion angles very close to the ideal values (180°,180°) for a 2.0 5 -helix ( Figure 10 ). The backbone of this molecule is fully extended and essentially flat, and the amino acid side chains are coplanar to it. The packing mode of the molecule generates layers without any contribution from intermolecular N-H…O=C H-bonds. This structure is stabilized by two types of intramolecular H-bonds, namely the three intraresidue N-H…O=C H-bonds, typical of the C 5 conformation, and the three unusual C  i+1 -H…O i =C i , found only in Ala peptides and giving rise to "C 6 -ring" systems. We are still confident that this unique peptide disposition will soon catalyze applications in biochemistry and materials science.
We exploited the opportunity offered by this review article to perform a search for the occurrence of the C 5 conformation in the X-ray diffraction structures of all N  -acylated -amino acid derivatives and peptides available in the Cambridge Crystallographic Database [85] structures, we included in the Ala subset the data of the three residues of our unpublished structure of pCNBz-(Ala) 3 -OMe [18] (Table 6 ), thus increasing the statistical sample to 21 residues. The average geometrical parameters characterizing the C 5 conformation were derived for each subset.
The results are summarized in Table 7 .
In general, the values of bond distances are far from unexpected. In particular, the N-C  and C  -C bond distances for Ala are shorter than the standard values typical for coded amino acids, [86, 87] as a result of the sp 2 hybridization of the -carbon and the likely electron delocalization involving the C  =C  double bond and the flanking amide units. Interestingly, the value of the N-C  -C () bond angle averaged for Ala, 110.1°, is remarkably narrowed compared to that typical for an sp 2 -hybridized carbon atom (120°). Similarly, the  bond angle averaged for the fully-extended C  -tetrasubstituted -amino acid residues (104.5°) is about 6° smaller than the nearly tetrahedral value normally adopted by these residues when helical (e.g., 110.5° for Aib). Overall, the present statistical results fully corroborate early observations on Deg and Ala homo-peptides about the narrowing of the  bond angle which accompanies the onset of the C 5 conformation. [4, 84] From our analysis, a similar trend emerges also for Gly and the C  -trisubstituted residues. Specifically: (i) the value of  averaged from the 123 fully-extended Gly residues is 110.2°, whereas that averaged from 774 Gly residues in conformations other than fully-extended (selected through the search criterion , = 0°160°,0°160°) found in the CSD is 114.0°; (ii) the value of  averaged from the fullyextended C  -trisubstituted residues is 108.1°, as compared to the value of 112.6° averaged from 792 helical Ala residues (, = -60°20°,-30°20°) found in the CSD. The sensitivity of the valence geometry of amino acid residues, and in particular of the  bond angle, to the peptide/protein backbone conformation is a well-established phenomenon. [88] [89] [90] [91] [92] [93] As for the H-bond geometry, the N…O distance is the result of angle. In the four subsets of fully-extended residues reported in Table 7 , the average intraresidue N…O distance increases slightly on going from the C  -tetrasubstituted -amino acids to Ala and from Ala to the C  -trisubstituted residues, more markedly between the C  -trisubstituted residues and Gly.
The H…O distance depends, in addition to the parameters governing the N…O distance are well within the commonly accepted limit of 2.50 Å (which is less than the sum of the van der Waals radii of H and O, 2.72 Å) for the occurrence of an N-H…O=C H-bond. [94] [95] [96] [97] As for the N-H…O angle, the values range from 103.3° for Gly to 110.7° for the C  -tetrasubstituted residues. Interestingly, an inverse correlation is observed between the average value of the N-H…O angle and that of the  bond angle for three out of the four subsets investigated, the exception being the C  ,C  unsaturated Ala. The general view for the occurrence of an N-H…O=C H-bond is that two conditions should be concomitantly fulfilled: (i) H…O distance  2.50 Å, and
(ii) N-H…O angle  120°. The N-H…O angles returned from our analysis are significantly narrower than 120°. However, there is ample evidence from IR absorption and NMR spectroscopies, [8, 26, [98] [99] [100] [101] [102] [103] corroborated in the last ten years by computational analyses, [8, 104, 105] that the intraresidue N-H…O interaction characterizing the C 5 conformation is a true H-bond, thus supporting the view that in this particular case, in which the N-H and C=O bonds are nearly parallel to each other and equiverse, the angular criterion reported above should be relaxed. Not surprisingly, for the large majority of the X-ray diffraction structures covered by our survey, the occurrence of intramolecular H-bonds of the C 5 type was not pinpointed by the various authors themselves. In this connection, it is worth mentioning that for the structures belonging to the subsets comprising Gly and the C  -trisubstituted residues, the N-H and C=O groups engaged in a C 5 form are usually involved in intermolecular H-bonds as well. Conversely, in the case of C  -tetrasubstituted residues and Ala, the participation of the N-H and C=O groups forming a C 5 structure in intermolecular H-bonds is a rare event.
ANALYSIS ON PROTEINS
A non-homologous dataset of 2154 independent protein chains (sequence identity cut-off of  30%
and resolution cut-off of  1.5 Å) was used for the analysis. Individual amino acid residues with backbone torsion angles of φ = 18020° and ψ = 18020° were extracted from the dataset. Figure   11 shows the distribution of the propensity values for the individual amino acids to occur in the fully-extended region of the Ramachandran map. Propensities were calculated using the following formula:
Values of approximately one are anticipated for residues which have no specific preference for this region. Values significantly greater than one indicates a preference for the fully-extended conformation, while values ≪ 1 suggest exclusion. Table 8 provides the relevant statistics for the individual amino acid residues. Clearly, Gly has by far the highest propensity for the fully-extended conformation. Ser also shows a significant preference, closely followed by its sulfur mimics Cys.
The aromatic amino acids Phe, His, Trp, and Tyr appear to indicate some preference (particularly weak for the last residue). In their recent paper on the intraresidue H-bonded C 5 form, Newberry and Raines [8] performed a similar search on a different dataset of nonredundant protein structures (resolution < 1.6 Å) by using a less stringent criterion for the identification of fully-extended residues, φ = 18040° and ψ = 18040°. Not surprisingly, their propensity values show a much smoother distribution. However, the amino acids possessing a propensity value > 1 are the same returned from our analysis, apart from the inclusion of Ala. Moreover, both analyses basically share the same rank order of propensity, i.e., Gly > Ser > Cys > aromatic residues.
Protein segments in which three or more sequential φ,ψ values fall within the fully-extended region (φ = 18020° and ψ = 18020°) were extracted from an expanded protein dataset which utilized a resolution cut-off of  2.0Å and sequence identity cut-off of  30%. A total of 36 threeresidue segments and 3 four-residue segments were obtained. Remarkably attractive are the findings of 3-residue stretches formed by consecutive Gly or Ser residues, displayed in Figures 12 and 13, respectively. [106, 107] Segments which flank the fully-extended strands are also shown. It is evident that the fully-extended, flattened strand is almost invariably flanked by conventional -strand segments providing opportunities for interstrand H-bonding. [110] . Prior to the present analysis, the only fully-extended stretch encompassing four residues identified in a protein crystal structure was the -(Gly) 4 -segment (residues 283-286) of the enzyme His-tRNA-synthetase in complex with histidine at 2.7 Å resolution (PDB code: 1ADJ), [111] shown in Figure 14 .
A final point to note is that the extent of strand flattening may also be estimated from the virtual bond angles C
) determined over the strand segments. Virtual bond angles for the flanking strands fall in the range 101°  140°, while those for the fully-extended strands are found in the range 137°  153°.
CONFORMATIONAL ENERGY CALCULATIONS ON MODEL PEPTIDES
Density functional theory (DFT) calculations were performed with the Gaussian 09 [112] computer package using the M06L [113, 114] functional combined with the 6-31+G(d,p) basis set. The ability of the M06L functional to account for van der Waals and - stacking interactions have been largely by comparing the geometries and interaction energies obtained for dispersion-dominated model dimers with those resulting from sophisticated ab initio Coupled-Cluster calculations. [113] [114] [115] [116] The homo-peptides studied in this work, which are denoted -(Xxx) n -, correspond to Ac-(Xxx) n -NHMe,
where Ac = acetyl, NHMe = methylamino, Xxx = Gly, Ala, Ser, Phe, Aib or Deg, and n is the number of residues, which ranges from 1 to 8. Homo-peptides were built in fully-extended and 3 10 -helical conformations, the backbone dihedral angles before geometry optimization being , = 180º,180º and -60º,-35º, respectively. All these structures were minimized at the M06L/6-31+G(d,p) level without any restriction. To ascertain the intrinsic conformational preferences of Xxx, all geometry optimizations were performed in vacuo.
Cooperative energy effects were examined by calculating the energy increment (EI) associated to the addition of a residue Xxx in a given conformation as the difference between the energies of -(Xxx) 2 -and -(Xxx) 1 -. Therefore, for a given homo-peptide, -(Xxx) n -, the theoretically predicted energy (E theor ) can be estimated as:
where E(Xxx) 1 is the energy of -(Xxx) 1 -. The difference between the theoretically predicted energy and the quantum mechanical energy gives the cooperative energy effect:
Considering that the 2.0 5 -helix is based on the propagation of the fully-extended conformation that involves a five-membered intramolecularly H-bonded ring (C 5 ), different homo-peptides were constructed to ascertain if the stability of this secondary structure is due to the existence of favorable cooperative energy effects intrinsically associated with the C 5 backbone···backbone (bbbb) interaction or to the complementary assistance of side-chain···side-chain (sc-sc) and backbone···side-chain···backbone (bb-sc) interactions. According to their intramolecular bb-bb, scsc, and/or bb-sc interactions, the -(Xxx) n -homo-peptides built up considering a fully-extended conformation were categorized as follows:
(1) -(Gly) n -homo-peptides, exclusively stabilized by C 5 interactions.
(2) -(Ala) n -, -(Aib) n -, and -(Deg) n -homo-peptides that, in addition to the C 5 H-bonds, exhibit van der Waals sc-sc interactions [i.e. methyl···methyl for -(Ala) n -and -(Aib) n -, or ethyl···ethyl for - It is worth noting that E coop (Xxx) n values provide information about how non-additive interactions, such as polarization and/or charge transfer contributions, may enhance C 5 , van der Waals, bb-sc hydrogen bonding and ··· stacking attractive forces, as a function of the peptide composition and length, when the backbone adopts a fully-extended conformation. However, the energy gain associated to such non-additive effects cannot be related with the stability of the fully-extended conformation with respect to other secondary motifs.
The results obtained for the -(Gly) n -homo-peptides, which perfectly preserve the fullyextended conformation, indicate that cooperative energy effects are small when the only stabilizing interaction is that of the C 5 form. Thus, E coop (Gly) n decreases from -0.2 to -1.7 kcal/mol when n increases from 3 to 8. We attribute this difference, representing a small gain of energy (approximately -0.3 kcal/mol per Gly residue incorporated into the peptide chain), to the specific geometry of the C 5 interaction, which is severely restricted by the molecular architecture. These constraints induce an elongation of the H-bonding distance H···O (i.e., 2.14 Å) with respect to the ideal value of 1.90 Å and a remarkable reduction of the N-H···O angle (i.e., 108.1º) with respect to the ideal value of 180º. Consequently, the peculiar H-bonding geometry of the C 5 interaction apparently limits the occurrence of large cooperative effects in the fully-extended conformation. It is worth noting that cooperative effects were found to be very pronounced in other peptide secondary structures with intra-or intermolecular H-bonding geometries close to the ideal ones, as for example in the -and 3 10 -helices [117] [118] [119] and in the -sheets. [120] The two fully-extended conformations considered for -(Ser) n -differ in the type of bb-sc Hbond. Our results show that the highest energy difference between the dispositions with the C i-1 =O i-1 ···H i -O i (Ser n -a) and H i -O i ·· H i+1 -N i+1 (Ser n -b) H-bonds is 1.0 kcal/mol (n = 8). In spite of this small energy difference, the cooperative behaviors of Ser n -a and Ser n -b are drastically different.
Specifically, Ser n -a exhibits an anticooperative behavior with E coop (Ser n -a) increasing from +0.2 (n = 3) to +1.7 kcal/mol (n = 8), whereas Ser n -b displays stabilizing cooperative effects with E coop (Ser n -b) decreasing from -0.1 (n= 3) to -0.9 kcal/mol (n= 8). These opposite behaviors can be understood by examining the intramolecular interactions shown in Figure 16 . Thus, the O i -H i ···O i-1 =C i-1 interactions in Ser n -a occur when the distance between the oxygen atoms of the hydroxyl and carbonyl groups (sc and bb moieties, respectively) is only 2.8 Å. This situation generates repulsive O···O interactions, thus explaining the anticooperative effects found for Ser n -a. For Ser n -b, the distance between the closest side-chain and backbone oxygen atoms increases to 3.5 Å and, most importantly, the H-atom of the NH group is between them. This stabilizing atomic disposition is responsible for the small cooperative energy effects found for the latter peptide. On the other hand, it is worth noting that the optimized geometries are slightly distorted with respect to the initial fullyextended conformation, exhibiting a partial evolution towards the pleated-sheet conformation. Thus, the optimized conformations for both Ser n -a and Ser n -b should be considered intermediate between such two arrangements.
Conversely, the fully-extended conformation is completely lost for the -(Phe) n -homopeptides. Indeed, optimized geometries of Phe n -a and Phe n -b correspond to the canonical pleatedsheet conformations. The N-H··· interactions found for the former geometry (Phe n -a) provide a linear energy gain, E coop (Phe n -a) increasing from -0.6 kcal/mol (n= 3) to -6.1 (n= 8). Similarly, the ··· stacking interactions exhibited by Phe n -b result in favorable cooperative energy effects.
However, in this latter case the energy gain is not linear for n  6 since the amount of interactions depends not only on the number of residues but also on the organization in dimers or trimers of the interacting rings. For example, the insets in Figure 15a show that the six phenyl rings of Phe 6 A detailed inspection of the results shown in Figure 15a suggest that the experimental observation of the 2.0 5 -helix in -(Deg) n -homo-peptides is not due to the existence of favorable cooperative energy effects but rather to the lack of repulsive interactions. In order to corroborate this hypothesis, additional calculations were performed on the -(Xxx) n -homo-peptides with n = 4, 6, and 8. The starting structure in all these calculations was the 3 10 -helical conformation with , = -60º,-35º. It should be emphasized that, in a large number of theoretical studies, the -and 3 10 helices have been found to be very stable 3D-structures due to the formation of intramolecular Hbonds. Figure 15b represents the relative energy of the optimized helical structure with respect to that of the optimized fully-extended conformation for all the considered homo-peptides (E fe/h ).
Averaged torsion angles, which are included in Figure 15b for the homo-peptides with n= 8, indicate that the helical conformation is perfectly maintained for -(Gly) n -, -(Ala) n -, -(Ser) n -, and -(Aib) n -. Furthermore, the helix is considerably favored with respect to the fully-extended conformation, since the energy gap between the two optimized 3D-structures increases rapidly with n. Obviously, this finding should be ascribed to the intramolecular H-bonds occurring in the helical conformation, which exhibit a much more favorable geometry than those of the C 5 interactions of the fully-extended structure. This feature is fully consistent with E coop (Xxx) n values reported for the helical conformation of different homo-peptides, which were found to significantly more favorable than those obtained in this work for the fully-extended conformation. [117] [118] [119] Thus, attractive non-additive energy contributions increased with the strength of the H-bond, which in turn was related with its geometry. In contrast, non-additive contributions were slightly lower for secondary structures stabilized by intermolecular H-bonds, as for example the -sheet. [120] .
On the other hand, comparison of Gly, Ala, and Aib homo-peptides indicates that, for a given n, the absolute E fe/h values increase as follows: -(Gly) n -< -(Ala) n -< -(Aib) n -. This relative energy order proves that van der Waals interactions induced by the methyl side groups are slightly more stabilizing in the helical conformation than in the fully-extended conformation. This trend changes drastically when the comparison includes the Deg homo-peptides. Although -(Deg) n -, independently of n, maintain the helical conformation upon geometry optimization starting from , = -60º,-35º, the relative stability of the helix with respect to the fully-extended arrangement is significantly smaller, and even not always of the same sign, than that obtained for -(Gly) n -, -(Ala) n -,
-(Aib) n -. More specifically, the E fe/h values are +1.1, -1.2 and -14.1 kcal/mol for n= 4, 6 and 8, respectively, while those obtained for -(Aib) n -are -8.4, -17.6 and -27.8 kcal/mol. Therefore, for Deg homo-peptides in vacuo, the fully-extended conformation is slightly favored over the 3 10 -helix at the tetramer level, slightly disfavored at the hexamer, while it is significantly disfavored only at the octamer level. For the Deg homo-octaoligomer, however, the energy difference between fullyextended and helical conformations is about one half of that calculated for -(Aib) 8 -. These results support the view that the attractive van der Waals interactions associated with the two Aib C  -methyl substituents transform into repulsive when these substituents are replaced by ethyl groups (as in Deg). Thus, the size of the two C  -ethyl substituents in Deg is not appropriate for the geometry of the helical conformation, which becomes exclusively stabilized by the intramolecular H-bonds (i.e., sc-sc and bb-sc interactions are unfavorable). In contrast, the fully-extended conformation exhibits bb-bb C 5 and sc-sc van der Waals interactions which are both attractive.
A completely different situation was obtained for -(Phe) n -since the helical conformation is disfavored with respect to the above discussed pleated-sheet structure (Phe n -a) for each value of n.
This result should be attributed to the fact that the sc-sc and bb-sc interactions involving the phenyl side groups are less favorable in the helix than in the pleated-sheet conformation.
In summary, our results demonstrate that the preferences of -(Deg) n -towards the fullyextended conformation do not arise from the existence of very stabilizing cooperative effects in this specific structure. Thus, the van der Waals interactions between the C  -ethyl groups of residues i and i+2 give rise to cooperative phenomena that are significantly smaller than those reported for other peptide secondary structures. In contrast, the steric conflicts produced by the two C  -ethyl substituents severely affect the conformational preferences of -(Deg) n -homo-peptides, which exhibit a drastic destabilization of the classical conformations (as for example the helix) typically favored for sequences constructed using coded -amino acids. This effect is expected to be more pronounced in the condensed phases, in which the cooperative effects associated to the helical structures are much less significant than in vacuo. [117] [118] [119] Accordingly, in the condensed phases the preference of -(Deg) n -for the fully-extended conformation is expected to be greater than in vacuo since the stability of the other structures decreases.
On the basis of DFT calculations on models constituted by Gly-homopeptides, Dannenberg and co-workers [121] proved that H-bond cooperativity plays an important role in the energetic of the association of -strands to form -sheets. However, such inter-strand cooperativity was found to be highly influenced by the strength of the H-bonded C 5 conformation, which was also identified as a cooperative interaction. Thus, the inherent cooperativity of the -sheets was eliminated by weakening the C 5 H-bond. These results are fully consistent with those displayed in Figures 15 and   16 . Moreover, our results on homopeptides made of residues different from Gly prove that the chemical nature of the side group also plays an essential role in the cooperativity of the C 5 H-bond because of the formation of sc-sc and bb-sc interactions.
SUMMARY AND OUTLOOK
In the present contribution, we initially reviewed all recently published literature data on the planar, fully-extended peptide 2.0 5 -helical structure and its C 5 -conformation basic unit, unambiguously obtained by X-ray diffraction analyses. If all publications before 2012 surveyed in our previous review [4] are also taken into consideration, it turns out clearly that the overwhelming (but certainly not exclusive) preference should be assigned to Gly among coded amino acids and to the C  -tetrasubstituted -amino acids with both side chains longer than methyl (e.g., Deg).
Remarkably, crystal structures of 2.0 5 -helices from both Gly and Deg homo-oligopeptides to the pentamer level were reported when carrying well selected terminal groups and under appropriate crystallization conditions. In any case, the utilization of achiral residues is particularly useful, but it is not a strict prerequisite, as originally believed. Moreover, a statistical survey on the data obtained from globular proteins to high resolution confirms Gly as the residue with the significantly highest propensity to give rise to this flat backbone structure. In this specific rank order, it is followed by amino acids with small (e.g., Ser) or aromatic (e.g., Phe) side chains. Interestingly, 2. At the end of this article, it is appropriate to mention that a novel peptide conformation, termed "C 5 i" (where "i" stands for imidate), was recently reported in a series of papers by
Prabhakaran and colleagues. [122] [123] [124] Typically, it does occur at the C-terminus of a peptide amide backbone, where the last -NH-CHR-CO-NHR amide group is artificially modified to a cyclic and R  H) substituted -amino acid residues with the C  sp 3 -configuration.
FIGURE 2
The most representative achiral and chiral C  -tetrasubstituted -amino acids known to adopt the C 5 conformation in the crystal state.
FIGURE 3 X-Ray diffraction structure of pBrBz-[D-(Me)
Leu] 3 -OtBu (adapted from ref. [9] ).
The C 5 intramolecular H-bonds are marked.
FIGURE 4
Comparison among the X-ray diffraction structures of Tfa-(Deg) 5 -OtBu (A) (adapted from ref. [15] ), Tfa-(Deg) 5 -OEt (B) (adapted from ref. [16] ), Ac-(Deg) 5 -OtBu (C), [18] and PyrAc-(Deg) 5 -O(pNO 2 )Bzl (D) (adapted from ref. [19] ). The C 5 and 3 10 -helical intramolecular H-bonds are marked.
FIGURE 5
Proposed informational 12-mer peptide replicator based on six alternating Deg residues (adapted from ref. [20] ).
FIGURE 6
The two independent molecules (A and B) in the asymmetric unit of H 2 + -(Gly) 5 -O -from the X-ray diffraction analysis (adapted from ref. [40] ). The C 5 intramolecular H-bonds are marked. FIGURE 8 X-Ray diffraction structure of Tfa-(S)-Epg-Deg-Dp n g-Deg-OtBu (adapted from ref.
[25]). The C 5 intramolecular H-bonds are marked.
FIGURE 9
Unpublished X-ray diffraction structures of: Z-Deg-Gly-OtBu (A and B, two independent molecules), Ac-Gly-Deg-OtBu (C), and Boc-Gly-[CS-NH]-L-Leu-OMe (D and E, two independent molecules). The C 5 intramolecular H-bonds are marked. For a reference, see [18] .
FIGURE 10 X-Ray diffraction structure of pCNBz-(Ala) 3 -OMe. The (C 5 ) N-H…O=C and the accompanying C  i+1 -H…O i =C i intramolecular H-bonds are marked. For a reference, see [18] .
FIGURE 11
Propensity distribution of the coded amino acids for the fully-extended C 5 conformation from our statistical analysis of protein X-ray diffraction structures (resolution cut-off: 1.5 Å; homology cut-off: 30%).
FIGURE 12
The fully-extended 2.0 5 -helix formed by the -Gly 49 -Gly 50 -Gly 51 -sequence from the X-ray diffraction structure of the protein S-layer associated multidomain endoglucanase (PDB code: 2ZEX; resolution: 1.20 Å) (adapted from ref. [106] ).
Only the interstrand H-bonds are marked. 
FIGURE 14
The fully-extended 2.0 5 -helix formed by the -Gly 283 -Gly 284 -Gly 285 -Gly 286 -sequence from the X-ray diffraction structure of the protein histidyl-tRNA synthetase (from Thermus thermophilus) (PDB code: 1ADJ; resolution: 2.70 Å) (adapted from ref.
[111]). 
